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Abstract
Leptospira interrogans is the major causative agent of leptospirosis, an emerging, globally spreading zoonotic
infectious disease. The pathogen induces macrophage apoptosis, but the molecular basis and mechanism
remain unknown. In the present study, we found that L. interrogans caused apoptosis of phagocytosis-inhibited
macrophages, and the product of the L. interrogans LB047 gene (Lep-OMP047) was the unique protein captured by
mouse and human Fas proteins. The recombinant expressed Lep-OMP047 (rLep-OMP047) strongly bound mouse and
human Fas proteins with equilibrium association constant (KD) values of 5.20 × 10−6 to 2.84 × 10−9 M according to
surface plasmon resonance measurement and isothermal titration calorimetry. Flow-cytometric examination showed
that 5 μg rLep-OMP047 or 1 μg lipopolysaccharide of L. interrogans (Lep-LPS) caused 43.70% or 21.90% early apoptosis
in mouse J774A.1 macrophages and 28.41% or 15.80% for PMA-differentiated human THP-1 macrophages,
respectively, but the apoptosis was blocked by Fas-antagonizing IgGs, Fas siRNAs, and caspase-8/-3 inhibitors.
Moreover, Lep-OMP047 was signiﬁcantly upregulated during infection of macrophages. Lep-LPS promoted the
expression and cytomembrane translocation of Fas and FasL in macrophages. The JNK and p38 MAPK but not
ERK signaling pathways, as well as the transcription factors c-Jun and ATF2 but not CHOP, mediated Lep-LPS-induced
Fas/FasL expression and translocation. TLR2 but not TLR4 mediated Lep-LPS-induced JNK/p38 MAPK activation.
Therefore, we demonstrated that a novel Fas-binding OMP and LPS of L. interrogans induce macrophage apoptosis
through the Fas/FasL-caspase-8/-3 pathway.
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Leptospirosis is a worldwide-spreading zoonotic disease
caused by pathogenic Leptospira genospecies1,2. The disease has been endemic in Asia, Oceania and South
America2–5, but in recent years, it has been frequently
reported in Europe, North America, and Africa5–9, where
it is considered an emerging or re-emerging infectious
disease10.
Leptospirosis is transmitted from host animals to
humans by contact with water or wet soil that has been
contaminated with pathogenic Leptospira-containing
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animal urine11. After invading the human body through
the skin and mucosa, pathogenic Leptospira can promptly
enter the blood stream to cause toxic septicemia and then
spread into internal organs such as the lungs, liver, and
kidneys11–13. Leptospirosis patients are clinically characterized by high fever, myalgia, jaundice, superﬁcial
lymphadenectasis, and conjunctival hemorrhage, but
severe patients can rapidly die due to septic shock, pulmonary diffuse hemorrhage, and renal failure14,15.
Professional phagocytes, such as macrophages, play a
crucial role in the elimination of pathogens by phagocytosis16,17. However, pathogens have also evolved different
strategies to resist phagocytosis, including the ability to
stimulate apoptosis of macrophages18,19. Caspasemediated cell apoptosis is the main mechanism of apoptosis through cytomembrane-based Fas/FasL-caspase-8/3 and mitochondrial CytC-caspase-9/-3 pathways20.
Infection with Escherichia coli and Mycobacterium
tuberculosis causes apoptosis of mouse macrophages
through CytC-caspase-9/-3 and Fas/FasL-caspase-8/-3
pathways21,22. Our previous studies revealed that pathogenic Leptospira interrogans induces the apoptosis of
mouse and human macrophages through Fas/FasL-caspase-8/-3 and caspase-independent AIF/EndoG pathways23,24. Recently, we observed that L. interrogans also
caused apoptosis of phagocytosis-inhibited macrophages,
implying that some leptospiral surface molecules are
involved in the apoptosis. However, the macrophage
apoptosis-inducing surface molecules of L. interrogans
have not been identiﬁed yet.
Outer membrane proteins (OMP) and lipopolysaccharide (LPS) are the major surface molecules of
Gram-negative prokaryotic microbes, including Leptospira25,26. In addition to its endotoxicity, E. coli LPS promotes exogenous FasL-induced mouse macrophage
apoptosis through the JNK/p38 MAPK-signaling pathway-mediated increase of Fas expression and cytomembrane translocation27,28. Pseudomonas aeruginosa LPS
stimulates Fas-dependent mouse macrophage apoptosis29.
However, the possible role of leptospiral OMP and LPS in
the apoptosis of macrophages remains unknown.
L. interrogans is the most common causative agent of
leptospirosis1–3. In China, strains from L. interrogans
serogroup Icterohaemorrhagiae serovar Lai are responsible for disease in over 60% of leptospirosis patients3,15.
On the other hand, macrophages but not neutrophils act
as the major inﬁltrating and phagocytotic cells in leptospirosis patients and animals30,31. In this study, we identiﬁed a novel Fas-binding outer membrane protein of L.
interrogans as the inducer of human and mouse macrophage apoptosis by activation of the Fas-dependent caspase-8/-3 pathway and L. interrogans LPS as a promoter
of macrophage apoptosis through JNK/p38 MAPK
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signaling-mediated increase of Fas/FasL expression and
cytomembrane translocation.

Results

L. interrogans-induced apoptosis of phagocytosis-inhibited
macrophages

The ﬂow-cytometric examination conﬁrmed that over
90% of THP-1 monocytes were differentiated into CD68+
macrophages after PMA treatment (Supplementary Figure S1)32. The confocal and transmission electron
microscopy showed that the J774A.1 and THP-1 macrophages could phagocytose L. interrogans strain Lai,
but RGDS, a universal integrin-dependent phagocytosis
inhibitor33, blocked this phagocytosis (Fig. 1a, b). The
ﬂow-cytometric examination showed that the two Leptospira-infected macrophages exhibited early-apoptosis
and post-apoptosis/necrosis features, with 49.77% and
35.63% of maximal early-apoptotic percentages for
J774A.1 and THP-1 macrophages at 4 and 8 h postinfection (Fig. 1c, d). However, RGDS only caused a small
decrease in the apoptotic percentages. These data suggest
that some surface substances of L. interrogans may act as
an inducer of mouse and human macrophage apoptosis.
Characterization of Lep-OMPs and Lep-LPS

The OMP extracts of L. interrogans strain Lai from
aqueous and detergent phases (aLep-OMP and dLepOMP) presented different SDS-PAGE proﬁles (Supplementary Figure S2a), but the antibody against rOMP-L1
from L. interrogans (rLep-OMP-L1-IgG) bound to both
the aLep-OMP and dLep-OMP (Supplementary Figure
S2b). Lep-LPS showed up in the gel as heterogeneous
macromolecules (Supplementary Figure S2c), as previously reported34,35. However, Lep-LPS (0.5 ng) but not
a- or dLep-OMPs (100–500 μg) solidiﬁed limulus amebocyte lysates (Supplementary Figure S2d). These data
suggest that the a- and dLep-OMP had no LPS contamination and that Lep-LPS possesses endotoxic activity.
Abilities of a- and dLep-OMP and Lep-LPS to induce
macrophage apoptosis

The ﬂow-cytometric examination showed that 200 μg
dLep-OMP and 1 μg Lep-LPS induced the apoptosis of
J774A.1 and THP-1 macrophages in a concentrationdependent manner (Fig. 2a–d). The maximal earlyapoptotic percentages of J774A.1 or THP-1 macrophages were 24.13% or 18.07% at 2 h post treatment of
dLep-OMP and 21.90% or 15.80% at 4 h post treatment of
Lep-LPS. However, 200 μg aLep-OMP had no macrophage apoptosis-inducing ability (Supplementary Figure
S3). These data suggest that some OMP components and
LPS of L. interrogans can induce mouse and human
macrophage apoptosis.
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Fig. 1 Leptospiral endocytosis and Leptospira-induced apoptotic death of macrophages. a Phagocytosis of L. interrogans strain Lai by J774A.1
and THP-1 macrophages for the indicated times, determined by confocal microscopy. The blue plaques indicate the nucleus. The red spots indicate
the intracellular leptospires. RGDS is an inhibitor of phagocytosis. b Phagosomes of L. interrogans strain Lai in J774A.1 and THP-1 macrophages,
detected by transmission electron microscopy. The arrows indicate the leptospiral phagosomes. c Apoptosis of L. interrogans strain Lai-infected
J774A.1 and THP-1 macrophages for the indicated times, determined by ﬂow cytometry. The annexin V+/PI− macrophages are early-apoptotic, while
the annexin V+/PI+ macrophages are post-apoptotic/necrotic. RGDS is a phagocytosis inhibitor. d Statistical summary of the early-apoptotic and
post-apoptotic/necrotic percentages in L. interrogans-infected J774A.1 and THP-1 macrophages. Statistical data from experiments such as that shown
in c. Bars show the means ± SD of three independent experiments. *: p < 0.05 vs the early-apoptotic or post-apoptotic/necrotic percentages of the
macrophages without infection

Fas-binding ability of leptospiral LB047 gene product

The co-precipitation test showed that only one band
from dLep-OMP was captured by mouse or human
Fas protein (Fig. 3a). The NanoLC-LTQ MS/MS identiﬁed this band as the product of the L. interrogans
strain Lai LB047 gene (Lep-OMP047) according to
its cleaved peptide sequences (RDGVQTESITYKA
and KDGSTVQSEGSYKDDLKT). The western blot
assay also conﬁrmed that dLep-OMP but not aLep-OMP
contained the Lep-OMP047 (Fig. 3b, c), with a 6.17%
relative abundance in dLep-OMP according to the
gray scale analysis of immunoblotting signals. The
LB047 gene product was annotated as a hypothetical
protein (GenBank accession No.: NC_004343), but
our prediction indicated this product as a YwqK-like
outer membrane lipoprotein containing a signal
peptidase II-cleaved signal peptide sequence (Supplementary Figure S4). YwqK is the antitoxin in the YwqJK
toxin–antitoxin module of Bacillus subtilis, but its biological function remains unclear36. The confocalmicroscopic examination showed that Lep-OMP047 was
located on the surface of the spirochete and co-localized
with Fas in the cytomembrane of mouse and human
macrophages (Fig. 3d, e). In particular, the surface plasmon resonance (SPR) measurement revealed equilibrium
association constant (KD) values of 2.84 × 10−9 or 4.41 ×
10−9 M, respectively, for the recombinant expressed LepOMP047 (rLep-OMP047) binding to mouse or human
Fas protein, while the isothermal titration calorimetric
(ITC) detection showed KD values of 1.08 × 10−6 or
5.20 × 10−6 M for rLep-OMP047 binding to mouse
or human Fas protein (Fig. 3f, g). SPR and ITC KD
values lower than 10−6 M indicate high afﬁnity of
protein–protein binding37,38. These data suggest that LepOMP047 is a Fas-binding outer membrane lipoprotein of
L. interrogans.
rLep-OMP047-induced Fas-caspase-8/-3-dependent
macrophage apoptosis

Activated Fas/FasL can induce cell apoptosis through
the caspase-8/-3 pathway20,21. The ﬂow-cytometric
examination showed that rLep-OMP047 (1–10 μg) could
induce the J774A.1 or THP-1 macrophage apoptosis in a

concentration-dependent manner, with the maximal
early-apoptotic percentages of 56.61% or 39.55% at 2 h
post treatment (Fig. 4a, b). The ﬂuorospectrophotometric
examination showed that caspase-8 and -3 but not
caspase-9 were activated in the rLep-OMP047-treated
macrophages (Fig. 4c). The blockage of Fas in J774A.1
or THP-1 macrophages with Fas-antagonizing IgG
and the blockage of rLep-OMP047 with rLep-OMP047IgG, as well as Fas depletion with siRNA interference
and the inhibition of caspase-8 or -3 but not caspase-9,
caused a decrease in rLep-OMP047-induced macrophage
apoptosis (Fig. 4d). Caspase-8/-3 or caspase-9/-3 mediate cytomembrane Fas/FasL- or mitochondriondependent cell apoptosis20–23. These data suggest that
Lep-OMP047 induces mouse and human macrophage
apoptosis through a Fas/FasL-caspase-8/-3-dependent
pathway.
Extensive distribution and increased expression of LB047
gene during infection

The PCR and sequencing data showed that all thirteen
tested strains of pathogenic L. interrogans, L. borgpetersenii and L. weilii possessed the LB047 gene, but this
gene was not detectable in the two tested strains of
saprophytic L. biﬂexa (Fig. 5a). The eight L. interrogans
strains had high LB047 gene sequence identities
(99.1–100%), but much lower identity (82.2–90.2%)
compared to the LB047 genes from four L. borgpetersenii
strains and one L. weilii strain (GenBank accession No.:
MG557568-MG557580). The Lep-OMP047 mRNA level
in L. interrogans strain Lai in EMJH or RPMI-1640
medium was relatively low. When the spirochetes were
incubated with J774A.1 and THP-1 macrophages, LepOMP047 mRNA was signiﬁcantly increased (Fig. 5b). The
western blot assay also conﬁrmed a signiﬁcant increase
in Lep-OMP047 expression during infection (Fig. 5c, d).
These data suggest that Lep-OMP047 is involved in
infection of host cells by L. interrogans.
Increase in Lep-LPS-induced Fas/FasL expression and
translocation

LPS of E. coli induces Fas and FasL expression
and promotes their cytomembrane translocation27,28.
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Fig. 2 dLep-OMP- and Lep-LPS-induced macrophage apoptosis. a dLep-OMP-induced apoptosis of J774A.1 and THP-1 macrophages after
exposure for the indicated times, determined by ﬂow cytometry. The annexin V+/PI− macrophages are early-apoptotic, while the annexin V+/PI+
macrophages are post-apoptotic/necrotic. b Statistical summary of the early-apoptotic and post-apoptotic/necrotic percentages of dLep-OMPtreated J774A.1 and THP-1 macrophages. Statistical data from experiments such as that shown in (a). Bars show the means ± SD of three
independent experiments. *: p < 0.05 vs the early-apoptotic or post-apoptotic/necrotic percentages of dLep-OMP-untreated macrophages. c LepLPS-induced apoptosis of J774A.1 and THP-1 macrophages after exposure for the indicated times, determined by ﬂow cytometry. The legend is
the same as that shown in (a). d Statistical summary of the early-apoptotic and post-apoptotic/necrotic percentages of Lep-LPS-treated J774A.1
and THP-1 macrophages. Statistical data from experiments such as that shown in (c). Bars show the means ± SD of three independent experiments.
*: p < 0.05 vs the early-apoptotic or post-apoptotic/necrotic percentages of Lep-LPS-untreated macrophages

The qRT-PCR, western blot assay and ﬂow-cytometric
examination showed that Lep-LPS also signiﬁcant
increased Fas and FasL expression and cytomembrane
translocation in J774A.1 and THP-1 macrophages
(Fig. 6a–e). However, rLep-OMP047 had no ability to

induce the expression of Fas- and FasL-encoding genes in
the two macrophages (Fig. 6a). These data suggest that
Lep-LPS is involved in mouse and human macrophage
apoptosis by upregulating Fas/FasL expression and cytomembrane translocation.
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Fig. 3 Fas-binding ability of rLep-OMP047 and distribution and relative abundance of Lep-OMP047. a Mouse or human Fas-captured
proteins from dLep-OMP, detected by co-precipitation assay. Lane M: protein marker. Lane 1: dLep-OMP or aLep-OMP. Lane 2 or 4: mouse or human
Fas-Fc chimera released from protein-A-coated beads and the chimera-captured proteins from dLep-OMP but not from aLep-OMP. Lane 3 or 5:
mouse or human Fas-Fc chimeric protein as the control. b Lep-OMP047 distribution in a- and dLep-OMP, determined by western blot. Lane M:
protein marker. Lanes 1: no rLep-OMP-IgG-binding bands in aLep-OMP. Lane 2: the single rLep-OMP-IgG-binding band in dLep-OMP. Lane 3: rLepOMP047 control. c Relative abundance of Lep-OMP047 in dLep-OMP, assessed by western blot. Lane M: protein marker. Lane 1: the dLep-OMP-IgGbinding bands in dLep-OMP. Lane 2: rLep-OMP047 control. d Location of Lep-OMP047 on the surface of L. interrogans strain Lai, determined by
confocal microscopy. The green ﬂuorescence indicates the leptospiral surface-located Lep-OMP047. e Co-localization of Lep-OMP047 with Fas
protein in cytomembrane of J774A.1 and THP-1 macrophages, determined by confocal microscopy. The red spots indicate Fas of macrophages,
and the green spots indicate Lep-OMP047 attached to the cytomembrane of macrophages. The yellow spots indicate the Lep-OMP047-Fas colocalization. f Mouse or human Fas-binding ability of rLep-OMP047, determined by SPR measurement. BSA and CM5 array-linked rMs- or rHu-IgG-Fc
were used as the controls. g Mouse or human Fas-binding ability of rLep-OMP047, determined by ITC detection. BSA and sample pool-loaded rMs- or
rHu-IgG-Fc were used as the controls
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Fig. 4 rLep-OMP047-induced macrophage apoptosis through Fas-caspase-8/-3 pathway. a rLep-OMP047-induced apoptosis of J774A.1 and
THP-1 macrophages after exposure for the indicated times, determined by ﬂow cytometry. The annexin V+/PI− macrophages are early-apoptotic,
while the annexin V+/PI+ macrophages are post-apoptotic/necrotic. rFliY, a recombinant expressed ﬂagellum-associated cytosolic protein from L.
interrogans, was used as the control. b Statistical summary of the early-apoptotic and post-apoptotic/necrotic percentages of rLep-OMP047-treated
J774A.1 and THP-1 macrophages. Statistical data from experiments such as that shown in (a). Bars show the means ± SD of three independent
experiments. *: p < 0.05 vs the early-apoptotic or post-apoptotic/necrotic percentages of rLep-OMP047-untreated macrophages. c Activation of
caspase-8/-3 in J774A.1 and THP-1 macrophages treated with rLep-OMP047 for the indicated times, determined by ﬂuorospectrophotometry. Bars
show the means ± SD of three independent experiments. The ﬂuorescence intensity (FI) values reﬂecting caspase-8 or caspase-3 activity in rLepOMP047-untreated macrophages were set as 1.0. *: p < 0.05 vs the FI values reﬂecting caspase-8/-3 activity of rLep-OMP047-untreated macrophages.
d Decrease in rLep-OMP047-induced J774A.1 and THP-1 macrophage apoptosis after Fas-antagonist-IgG/rLep-OMP047-IgG blockage, Fas depletion
or caspase-8/-3 inhibition for the indicated times, determined by ﬂow cytometry. Bars show the means ± SD of three independent experiments.
*: p < 0.05 vs the early-apoptotic or post-apoptotic/necrotic percentages of rLep-OMP047-untreated macrophages (before treatment). #: p < 0.05 vs
the early-apoptotic or post-apoptotic/necrotic percentages of Fas-antagonist-IgG- or rLep-OMP047-IgG-unblocked, Fas-undepleted and caspase-8/-3uninhibited macrophages

Lep-LPS-induced Fas/FasL expression through TLR2-JNK/
p38 MAPK pathways

E. coli LPS induces Fas and FasL expression and cytomembrane translocation through JNK/p38 MAPK signaling pathways27,28. The western blot assay showed that
the phosphorylation of JNK and p38 MAPK but not ERK
in Lep-LPS-treated J774A.1 and THP-1 macrophages was
signiﬁcantly increased (Fig. 7a). However, the confocalmicroscopic examination showed that the nuclear translocation of the transcription factors c-Jun and ATF2 but
not CHOP, all members of the JNK/p38 MAPK pathways,
was notably increased (Fig. 7b). When JNK or p38 MAPK
was inhibited, the Lep-LPS-induced Fas and FasL
expression and cytomembrane translocation were signiﬁcantly decreased (Fig. 7c–e). Moreover, TLR2 but not
TLR4 depletion decreased JNK and p38 MAPK phosphorylation in Lep-LPS-treated macrophages (Fig. 7f).
These data suggest that Lep-LPS induces Fas and FasL
expression through TLR2-JNK/p38 MAPK pathways.

Discussion
Macrophages and neutrophils play key roles in elimination of invading pathogens, but pathogens also have
evasion strategies against phagocytosis by these professional phagocytes, including inducing macrophage apoptosis18,39. Leptospirosis is a nonpyrogenic infection, and
macrophages but not neutrophils are the major phagocytes involved in elimination of leptospires in vivo30,31.
Thus, the anti-macrophage ability of Leptospira is crucial
for its survival in hosts and the pathogenesis of
leptospirosis40,41.
Until now, except for LPS from a few bacterial species27–29, only one study has reported that a lipoprotein of
M. tuberculosis could induce macrophage apoptosis, but
its mechanism remains unknown42. No bacterial surface
proteins have been conﬁrmed as Fas-binding activators to
induce caspase-8/-3-dependent macrophage apoptosis.
OMP is a large group of surface proteins in the outer
membrane of Gram-negative prokaryotic microbes,

including Leptospoira25,26. The Triton X-114 method is
commonly used to extract bacterial OMP, but the extracts
only contain most of the OMP components, with a protein component diversity that is due to the differences in
the concentration and extraction time of Triton X-114
and other chemical reagents used43,44. In the present
study, the phagocytosis-inhibited mouse and human
macrophages still underwent apoptosis during infection
with L. interrogans, suggesting that the apoptotic inducers
are expressed on the leptospiral surface. Only one OMP
(Lep-OMP047) from L. interrogans strain Lai was captured by both the mouse and human Fas proteins. SPR
and ITC are often used to determine protein–protein
binding ability37,38. Our SPR and ITC examinations
revealed the high-afﬁnity binding between rLep-OMP047
and mouse or human Fas protein. Moreover, rLepOMP047 did not induce the apoptosis of Fas-blocked or
Fas-depleted mouse and human macrophages, while
caspase-8 or caspase-3 inhibition also caused a signiﬁcant
decrease in rLep-OMP047-induced macrophage apoptosis. All these data indicate that Lep-OMP047 is a Fasbinding OMP that induces macrophage apoptosis through
a Fas-caspase-8/-3-dependent pathway.
LPS is expressed on the outer membrane of Gramnegative prokaryotic microbes. LPS from several bacteria
can induce apoptosis of mouse macrophages through a
JNK/p38 MAPK signaling pathway-mediated increase in
Fas and FasL expression and cytomembrane translocation27–29. However, E. coli LPS-activated p38 MAPK
upregulates Fas mRNA expression and Fas cytomembrane
translocation in mouse vascular endothelial cells, but it
only mediates the FasL cytomembrane translocation in
mouse T lymphocytes45. In the JNK and p38 MAPK signaling pathways, c-Jun or CHOP is the JNK- or p38
MAPK-speciﬁc transcription factor, while ATF2 is the cotranscription factor for both of those kinases46. Unlike
most other bacterial LPSs, TLR2 but not TLR4 of macrophages is responsible for recognizing leptospiral
LPS47,48. The results of this study show that Lep-LPS
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Fig. 5 Extensive distribution of LB047 gene in pathogenic Leptospira genospecies and increase in LB047 gene expression during infection.
a LB047 gene segments ampliﬁed from different strains of Leptospira by PCR. Lane M: DNA marker. Lane 1: blank control. Lanes 2-14: amplicons of the
LB047 genes from pathogenic L. interrogans serogroup Icterohaemorrhagiae serovar Lai strain Lai, serogroup Canicola serovar Canicola strain Lin,
serogroup Pyrogenes serovar Pyrogenes strain Tian, serogroup Autumnalis serovar Autumnalis strain Lin4, serogroup Australis serovar Australis strain
65-9, serogroup Pomona serovar Pomona strain Luo, serogroup Grippotyphosa serovar Grippotyphosa strain Lin6 and serogroup Hebdomadis
serovar Hebdomadis strain 56069). Lanes 10–14: amplicons of the LB047 genes from pathogenic L. borgpetersenii serogroup Javanica serovar Javanica
strain M10, serogroup Ballum serovar Ballum strain Pishu, serogroup Tarassovi serovar Tarassovi strain 55-52 and serogroup Mini serovar Mini strain
Nan10 and pathogenic L. weilii serogroup Manhao serovar Manhao 2 strain L105. Lanes 15 and 16: no amplicons of the LB047 genes from saprophytic
L. biﬂexa serogroup Samaranga serovar Patoc strain Patoc 1 and serogroup Andamana serovar Andamana strain CH-11. b Increase in LB047 mRNA in
L. interrogans strain Lai during infection of J774A.1 and THP-1 macrophages for the indicated times, determined by qRT-PCR. Bars show the mean ±
SD of three independent experiments. The LB047 mRNA level of the spirochete from EMJH medium (before infection) was set as 1.0. *: p < 0.05 vs the
LB047 mRNA level of the spirochete from EMJH (28 °C) or RPMI-1640 medium (37 °C). c Increase in Lep-OMP047 expression in L. interrogans strain Lai
during infection of J774A.1 and THP-1 macrophages for the indicated times, determined by western blot. LipL41, an outer membrane lipoprotein of
the spirochete, was used as the control. d Quantiﬁcation of the immunoblotting bands reﬂecting Lep-OMP047 protein levels during infection,
assessed by gray scale determination. Statistical data from experiments such as that shown in (c). Bars show the mean ± SD of three independent
experiments. The Lep-OMP047 protein level (gray scale value) of L. interrogans strain Lai from EMJH medium (before infection) was set as 1.0. *: p <
0.05 vs the Lep-OMP047 protein level of the spirochete from EMJH (28 °C) or RPMI-1640 medium (37 °C)

induced the apoptosis of mouse and human macrophages,
and JNK and p38 MAPK signaling mediated the Lep-LPSinduced Fas and FasL expression and cytomembrane
translocation. However, c-Jun and ATF2, but not CHOP,
were involved in the regulation of Fas/FasL expression.
Moreover, TLR2 but not TLR4 depletion caused a signiﬁcant decrease in JNK and p38 MAPK phosphorylation
in the Lep-LPS-treated macrophages. All these data
indicate that Lep-LPS induces Fas and FasL expression
and cytomembrane translocation through the TLR2-JNK/

p38 MAPK signaling pathways to trigger mouse and
human macrophage apoptosis.
Compared to the Fas/FasL-caspase-8/-3 pathwaymediated cell apoptosis, bacterial LPS usually induces a
lower-level and delayed cell apoptosis due to the greater
time required for increasing Fas/FasL expression and
cytomembrane translocation29,49,50. In the present study,
rLep-OMP047 caused earlier and higher maximal earlyapoptotic percentages of mouse and human macrophages
(43.70% and 28.41% at 2 h post treatment) compared to

Du et al. Emerging Microbes & Infections (2018)7:135

Page 10 of 17

Fig. 6 Increase in Lep-LPS- or rLep-OMP047-induced Fas and FasL expression and cytomembrane translocation. a Increase in Fas and FasL
mRNAs in J774A.1 and THP-1 macrophages treated with Lep-LPS for the indicated times, determined by qRT-PCR. Bars show the mean ± SD of three
independent experiments. The Fas and FasL mRNA levels in Lep-LPS-untreated macrophages were set as 1.0. rLep-OMP047 had no ability to upregulate Fas or FasL. *: p < 0.05 vs the Fas and FasL mRNA levels of Lep-LPS-untreated macrophages. b Increase in Fas and FasL proteins in J774A.1
and THP-1 macrophages treated with Lep-LPS for the indicated times, determined by western blot. β-Actin was used as the control. c Quantiﬁcation
of the immunoblotting bands reﬂecting Fas and FasL of Lep-LPS-treated J774A.1 and THP-1 macrophages, assessed by gray scale determination.
Statistical data from experiments such as that shown in (b). Bars show the mean ± SD of three independent experiments. The Fas and FasL protein
levels (gray scale values) of Lep-LPS-untreated J774A.1 and THP-1 macrophages were set as 1.0. *: p < 0.05 vs the Fas and FasL protein levels of LepLPS-untreated macrophages. d Fas and FasL cytomembrane translocation in J774A.1 and THP-1 macrophages treated with Lep-LPS for the indicated
times, determined by ﬂow cytometry. E. coli LPS was used as the control. e Statistical summary of the FI values reﬂecting Fas and FasL cytomembrane
translocation in Lep-LPS-treated J774A.1 and THP-1 macrophages. Statistical data from experiments such as that shown in (d). Bars show the means
± SD of three independent experiments. *: p < 0.05 vs the FI values reﬂecting Fas and FasL cytomembrane translocation of Lep-LPS-untreated
macrophages

Lep-LPS (21.90% and 15.80% at 4 h post treatment). On
the other hand, we found that all the tested strains
belonging to pathogenic L. interrogans, L. borgpetersenii
and L. weilii possessed the LB047 gene, but the tested
strains belonging to saprophytic L. biﬂexa had no
detectable LB047 gene. Moreover, LB047 gene transcription and protein expression in L. interrogans strain Lai
during infection of mouse and human macrophages was
signiﬁcantly increased. The higher expression of the L.
interrogans LB047 gene contributes to the LB047 proteininduced apoptosis of mouse and human macrophages
during infection.

Materials and methods
Leptospiral strains and cell lines

Thirteen pathogenic Leptospira strains and two saprophytic Leptospira strains and their cultivation are described in Supplementary Material. J774A.1 macrophages and
human THP-1 monocytes were used in this study24.

The cell culture, PMA-induced THP-1 cell differentiation
and detection of CD68+ THP-1 macrophages are described in Supplementary Material.
Primers

The primers used in this study were synthesized by
Invitrogen Co., Shanghai, China. The primer sequences
are shown in Table 1.
Macrophage endocytosis test

Freshly cultured L. interrogans serogroup Icterohaemorrhagiae serovar Lai strain Lai was precipitated by
a 10,000 × g centrifugation for 30 min (4 °C), and then, the
leptospiral pellet was suspended in 2.5% fetal calf serum
antibiotic-free RPMI-1640 medium for counting with a
Petroff–Hausser chamber under a dark-ﬁeld microscope24. J774A.1 and THP-1 macrophages (106 cells per
well) were seeded in six-well culture plates for a preincubation overnight and then infected with the
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Fig. 7 (See legend on next page.)
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(see ﬁgure on previous page)
Fig. 7 Lep-LPS-induced Fas and FasL expression through TLR2-JNK/p38 MAPK pathways. a Increase in JNK and p38 MAPK phosphorylation in
J774A.1 and THP-1 macrophages treated with Lep-LPS for the indicated times, detected by western blot. Bars show the mean ± SD of three
independent experiments. The JNK, p38 MAPK and ERK phosphorylation levels (gray scale values) of Lep-LPS-untreated J774A.1 and THP-1
macrophages were set as 1.0. *: p < 0.05 vs the JNK and p38 MAPK phosphorylation levels of Lep-LPS-untreated macrophages. b Increase in c-Jun and
ATF2 nuclear translocation in J774A.1 and THP-1 macrophages treated with Lep-LPS for the indicated times, determined by confocal microscopy.
Phalloidin is a ﬂuorescent dye of the cytoskeleton. The blue plaques indicate the nucleus. The green spots indicate the c-Jun or ATF2 that
translocated into nuclei. c Decrease in Lep-LPS-induced Fas and FasL expression in JNK- and/or p38 MAPK-inhibited J774A.1 and THP-1 macrophages,
detected by western blot. β-Actin was used as the control. d Quantiﬁcation of the immunoblotting bands reﬂecting Fas and FasL in JNK- and/or p38
MAPK-inhibited J774A.1 and THP-1 macrophages, assessed by gray scale determination. Statistical data from experiments such as that shown in
(c). Bars show the mean ± SD of three independent experiments. The Lep-LPS-induced Fas and FasL expression levels (gray scale values) of JNK- and/
or p38 MAPK-uninhibited J774A.1 and THP-1 macrophages were set as 1.0. *: p < 0.05 vs the Lep-LPS-induced Fas and FasL expression levels of JNKand/or p38 MAPK-uninhibited macrophages. #: p < 0.05 vs the Lep-LPS-induced Fas and FasL expression levels of JNK- or p38 MAPK-uninhibited
macrophages. e Decrease in Lep-LPS-induced Fas and FasL cytomembrane translocation in JNK- and/or p38 MAPK-inhibited J774A.1 and THP-1
macrophages, detected by ﬂow cytometry. The mean FI values reﬂecting the Lep-LPS-induced Fas and FasL cytomembrane translocation levels of
JNK- and/or p38 MAPK-uninhibited J774A.1 or THP-1 macrophages were set as 1.0. The other legend is the same as in (d) but for the detection of Fas
and FasL cytomembrane translocation. f Decrease in Lep-LPS-induced JNK and p38 MAPK phosphorylation in TLR2-depleted J774A.1 and THP-1
macrophages, detected by western blot

Table 1 Sequences of primers used in this study
Primer

Sequence (5′ to 3′)

Purpose

Size (bp)

LB047-1

F: GCGCATATG(Nde I)AAACGATTTTGTTTG

Detection and expression of LB047 gene

1317

Detection of LB047 gene

1323

Detection of LB047 mRNA

156

Inner reference in LB047 mRNA qRT-PCR

145

Detection of J774A.1 Fas mRNA

177

Detection of J774A.1 FasL mRNA

162

Inner reference in J774A.1 Fas/FasL mRNA qRT-PCR

111

Detection of THP-1 Fas mRNA

180

Detection of THP-1 FasL mRNA

160

Inner reference in THP-1 Fas/FasL mRNA qRT-PCR

158

R: GCGCTCGAG(Xho I)TTTACAACCTTGCATTTC
LB047-2

F: ATGAAACAACTTTGTTTA
R: CTTACAAGGAGGACTTTC

LB047-3

F: TTCTGCGTGACACTCCTTAC

16S-RNA

F: CTTTCGTGCCTCAGCGTCAGT

R: CTTCTTCGTCCATCAAACCT

R: CGCAGCCTGCACTTGAAACTA
Ms-Fas

F: TGTGAACATGGAACCCTTGA

Ms-FasL

F: CATCACAACCACTCCCACTG

R: TTCAGGGTCATCCTGTCTCC

R: GTTCTGCCAGTTCCTTCTGC
Ms-actin

F: AGAGCGGGCCTTGAGAAAAG

Hu-Fas

F: AGCTTGGTCTAGAGTGAAAA

R: TGGAGAGCCTGGATTGTCATC

R: GAGGCAGAATCATGAGATAT
Hu-FasL

F: CACTTTGGGATTCTTTCCAT

Hu-actin

F: ATAGCACAGCCTGGATAGCAACGTAC

R: GTGAGTTGAGGAGCTACAGA

R: CACCTTCTACAATGAGCTGCGTGTG
Underlined areas indicate the sites of endonucleases
F forward primer, R reverse primer, Ms mouse, Hu human

spirochete at a multiplicity of infection of 100 (MOI100)
for 1, 2, 4, 8, or 12 h23,24. After trypsinization, washing
with phosphate-buffered saline (PBS) and centrifugation
at 500 × g for 10 min (4 °C), the precipitated macrophages

were ﬁxed with 4% paraformaldehyde-PBS for 30 min and
then permeabilized with 0.1% Triton X100-PBS for 30
min to allow antibody entry40. Using rabbit anti-L. interrogans strain Lai-IgG as the primary antibody, Alexa Fluor
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594-conjugated goat anti-rabbit-IgG (Invitrogen, Carlsbad, CA, USA) as the secondary antibody and DAPI
(Molecular Probes, Eugene, OR, USA) as the cell nucleus
dye, the intracellular leptospires were observed under a
laser confocal microscope (LSM510-Meta, Zeiss, Germany) (590/617 and 355/460 nm excitation/emission
wavelengths for Alexa Fluor 594 and DAPI detection).
Moreover, the leptospiral phagosomes were observed
under a transmission electron microscope (TECNAI-10,
Philips, Holland)31.
Phagocytosis inhibition test

J774A.1 and THP-1 macrophages were treated with 1
mM RGDS peptide, a universal integrin-dependent phagocytosis inhibitor, at 37 °C for 24 h33. According to the
results of the macrophage endocytosis test, the RGDStreated macrophages were infected with L. interrogans
strain Lai for 8 h, and then, the intracellular leptospires
were detected as above.
Detection of Leptospira-infected macrophage apoptosis

The RGDS-treated or RGDS-untreated J774A.1 and
THP-1 macrophages were infected with L. interrogans
strain Lai at MOI100 for 1, 2, 4, 8 or 12 h23,24. After
trypsinization, washing with PBS and centrifugation at
500 × g for 10 min (4 °C), the precipitated macrophages
were suspended in annexin-binding buffer and then
incubated with Alexa Fluor 488-conjugated annexin-V
and propidium iodide (PI) at room temperature for 15
min using a cell apoptosis detection kit (Life Technologies, Carlsbad, CA, USA). The stained macrophages were
detected using a ﬂow cytometer (type FC500-MCL,
Beckman Coulter, Brea, CA, USA) to distinguish the
macrophages in early apoptosis (annexin-V+/PI−) from
those in post apoptosis/necrosis (annexin-V+/PI+).
Extraction and identiﬁcation of leptospiral OMP

Outer membrane protein of L. interrogans strain Lai
(Lep-OMP) was extracted using the Triton X-114 method
as previously described43,44. Brieﬂy, freshly cultured
L. interrogans strain Lai was precipitated by a 10,000 × g
centrifugation for 30 min (4 °C). The leptospiral pellet
was suspended in PBS for counting as above. The leptospiral suspension (5×108 leptospires/ml) was precipitated by centrifugation and then washed three
times with 5 mM MgCl2-PBS (pH 7.4), followed by
extraction with 1% Triton X-114 (Sigma, St. Louis,
MO, USA)-1 mM EDTA-10 mM Tris-HCl (pH 8.0)
buffer at 4 °C for 30 min. After a 17,000 × g centrifugation
for 10 min (4 °C), the supernatant was added to
Triton X-114 (ﬁnal concentration 2%) and then incubated
at 37 °C for 10 min. After a 2000 × g centrifugation at
room temperature for 10 min, Lep-OMP in the aqueous
or detergent phase (aLep-OMP or dLep-OMP) was
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precipitated with acetone. Possible contaminated
leptospiral lipopolysaccharide (Lep-LPS) in a- or dLepOMP was removed by Detoxi-gel endotoxin-removing
column chromatography (Thermo Scientiﬁc, Waltham,
MA, USA) using pyrogen-free water for elution and
then detected using a limulus amebocyte lysate test kit
(Lonza, Switzerland) as previously described51. After
measurement of protein concentrations of a- and dLepOMP using a BCA protein assay kit (Thermo Scientiﬁc),
western blot was used to identify the two OMP extracts
using the antibody against rOMP-L1 or rFliY, a recombinant expressed typical OMP component or a ﬂagellumassociated cytosolic protein from L. interrogans strain
Lai, respectively, as the primary antibody (rLep-OMPL1-IgG or rLep-FliY-IgG) and HRP-conjugated goat
anti-rabbit-IgG (Abcam, Cambridge, MA, USA) as the
secondary antibody52,53.
Extraction and identiﬁcation of leptospiral LPS

LPS of L. interrogans strain Lai (Lep-LPS) was extracted
by the phenol-water method as previously described34,35.
Brieﬂy, freshly cultured L. interrogans strain Lai was
centrifuged at 10,000 × g for 30 min (4 °C). The leptospiral
pellet was suspended in PBS for counting as described
above. After washing with PBS and centrifugation
again, the leptospiral pellet was suspended in Milli-Q
water (5 × 108 leptospires/ml) for several freezethaw cycles and then added to an equal volume of 90%
analytical pure phenol (Sigma) to extract Lep-LPS by
violent agitation in a 65 °C water bath for 30 min. The
extract was separated by a 2500 × g centrifugation for 30
min at room temperature to remove the denatured proteins and then dialyzed against Milli-Q water. The dialyzed extract was treated with DNase I and RNase H
(Sigma), followed by digestion with proteinase K (TaKaRa,
China). The extract was extracted with phenol-water
again and then centrifuged to remove the denatured
enzymatic proteins and dialyzed as above. The extract was
centrifuged at 3000 × g for 15 min (4 °C) to remove insoluble substances. The supernatant was centrifuged at
100,000 × g for 3 h (4 °C) to precipitate Lep-LPS. This
ultracentrifugation step was repeated until the extract
showed no absorbance at 260 and 280 nm. Finally, the
obtained Lep-LPS was suspended in pyrogen-free water
(Sigma) and then lyophilized and weighed. The Lep-LPS
was examined by SDS-PAGE after silver staining using
E. coli O111:B4 LPS (Lonza) as the control34,35. The
activity of Lep-LPS was determined using a limulus
amebocyte lysate test kit (Lonza)51.
Determination of aLep-OMP-, dLep-OMP-, or Lep-LPSinduced macrophage apoptosis

J774A.1 and THP-1 macrophages (106) were incubated
with 100 or 200 μg a- or dLep-OMP and 0.1 or 1 μg Lep-
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LPS at 37 °C for 1, 2, 4, or 8 h. The apoptosis of a- or
dLep-OMP- or Lep-LPS-treated macrophages was
detected by ﬂow cytometry as above.
Capture and identiﬁcation of Fas-binding Lep-OMP

The Fas-binding Lep-OMP in a- or dLep-OMP was
captured by co-precipitation54. Brieﬂy, 200 μg of a- or
dLep-OMP was mixed with 20 μg mouse or human Fas-Fc
chimeric protein (R&D, Minneapolis, MN, USA) in 500 μl
PBS for a 2-h incubation in a 90-rpm rotator (4 °C). Each
of the mixtures was added to 600 μg protein-A-coated
agarose beads (Millipore, Burlington, MA, USA), followed
by a 60-min incubation as above. After a 14,000 × g centrifugation for 5 min and washing thoroughly with PBS,
the precipitated beads were suspended in Laemmli buffer
for 5 min in a water bath at 100 °C to release protein-A/
Fas-binding proteins. After centrifugation as above, the
supernatants were subjected to SDS-PAGE, and the
released Fas-binding proteins were then identiﬁed with
NanoLC-LTQ MS/MS (Thermo Scientiﬁc) by the
National Laboratory of Biomacromolecules, Chinese
Academy of Sciences.
Bioinformatic analysis of Fas-binding Lep-OMP047

The NanoLC-MS/MS identiﬁed only one Fas-binding
Lep-OMP that matched the LB047 gene product of L.
interrogans strain Lai (Lep-OMP047). This gene was
analyzed using TMHMM, SignalP-4.1, LipoP-Servers and
NCBI-Batch CD-Search software55.
Detection of LB047 gene in different leptospiral strains

Detection of the LB047 gene in the ﬁfteen tested leptospiral strains is described in Supplementary Material.
Recombinant expression and product extraction of LB047
gene

The recombinant expression and product (rLepOMP047) extraction of LB047 gene from L. interrogans
strain Lai in E. coli are described in Supplementary
Material. Possible contaminated E. coli LPS in rLepOMP047 was removed as described above.
Preparation of rLep-OMP047-IgG and a- and dLep-OMPIgGs

The preparation of rabbit anti-rLep-OMP047-IgG and
anti-a- and -dLep-OMP-IgGs is described in Supplementary Material.
Determination of distribution and relative abundance of
Lep-OMP047

The distribution in a- and dLep-OMP and relative
abundance in dLep-OMP of Lep-OMP047 were determined by western blot using rabbit anti-rLep-OMP047IgG or anti-dLep-OMP-IgG as the primary antibody and
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HRP-conjugated goat anti-rabbit-IgG (Abcam) as the
secondary antibody. The immunoblotting signals reﬂecting the relative abundance of Lep-OMP047 were quantiﬁed by densitometry (gray scale determination) using an
image analyzer (Bio-Rad, Hercules, CA, USA)24. In the
assay, rLep-OMP047 was used as the control.
Detection of Lep-OMP047 location

The smear of L. interrogans strain Lai was ﬁxed with 2%
paraformaldehyde-5 mM MgCl2-PBS for 30 min. Using
rabbit anti-rLep-OMP047-IgG as the primary antibody
and Alexa Fluor 488-conjugated goat anti-rabbit-IgG
(Abcam) as the secondary antibody, Lep-OMP047 location was detected by confocal microscopy as above (495/
519 nm excitation/emission wavelengths for Alexa Fluor
488 detection). In the detection, rabbit anti-rLep-FliY-IgG
was used as the control53.
Detection of co-localization between rLep-OMP047 and
Fas on macrophages

J774A.1 and THP-1 macrophages (106) were incubated
with 5 μg rLep-OMP047 at 37 °C for 0.5, 1 or 2 h. After
washing thoroughly with PBS and ﬁxing with paraformaldehyde as above, the co-localization of rLepOMP047 with Fas on mouse or human macrophages
was detected by laser confocal microscopy as above using
rabbit anti-rLep-OMP047 IgG, goat anti-mouse-Fas IgG,
or goat anti-human-Fas IgG as the primary antibody
(R&D), Alexa Fluor 488-conjugated mouse anti-rabbitIgG or Alexa Fluor 594-conjugated donkey anti-goat-IgG
(Invitrogen) as the secondary antibody and DAPI (Molecular Probes) as the nuclear dye. The yellow ﬂuorescence
spots indicated the co-localization (yellow) of rLepOMP047 (green) with mouse or human Fas (red).
Determination of rLep-OMP047-Fas binding

The binding of rLep-OMP047 to mouse or human Fas
protein (Abcam) was determined by surface plasmon
resonance (SPR) and isothermal titration calorimetry
(ITC)37,38. Brieﬂy, 0.025–0.8 nM rLep-OMP047-0.05%
Tween 20-PBS ﬂowed through the surface of a 0.2 nM
mouse or human Fas-linked CM5 sensing array (GE,
Boston, MA, USA), and the equilibrium association constant (KD) values reﬂecting rLep-OMP047-Fas binding
were detected using an SPR detector (Type-T200, GE).
For ITC detection, 0.1 μM mouse or human Fas-0.05%
Tween 20-PBS in sample pool was titrated with 1 μM
rLep-OMP047-0.05% Tween 20-PBS in the titration
probe, and the KD values were detected using a microcalorimeter (MicroCal, Northampton, MA, USA). In the
detection, bovine serum albumin (BSA, Sigma) in 0.05%
Tween 20-PBS was used as the control. In addition, a
recombinant mouse or human IgG-Fc fragment (rMsIgG-Fc or rHu-IgG-Fc, R&D) in 0.05% Tween 20-PBS that
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was linked on the CM5 array in SPR and loaded in the
sample pool in ITC was also used as a control.
Detection of rLep-OMP047-induced macrophage apoptosis

J774A.1 and THP-1 macrophages (106) were treated
with 1, 5, or 10 μg rLep-OMP047 at 37 °C for 1, 2, 4, or
8 h. The rLep-OMP047-induced macrophage apoptosis
was detected by ﬂow cytometry as above. In the detection,
rFliY from L. interrogans strain Lai was used as the
control53.
Antibody blockage and Fas-depletion tests

Cytomembrane Fas of J774A.1 and THP-1 macrophages
(106) was blocked with rat-15A7 anti-mouse-Fas-antagonist-IgG (Thermo Scientiﬁc) or mouse-ZB4 anti-humanFas-antagonist-IgG (Merck Millipore, Burlington, MA,
USA), and rLep-OMP047 (5 μg) was blocked with rLepOMP047-IgG at 37 °C for 1 h. The Fas-blocked macrophages were treated with 5 μg rLep-OMP047, while the
Fas-unblocked macrophages were treated with IgGbinding rLep-OMP047 for 1, 2, 4, or 8 h. Additionally,
Fas-depleted J774A.1 or THP-1 macrophages were generated (shown in Supplementary Material), and the Fasdepleted macrophages were also treated with rLepOMP047 as above. The macrophage apoptosis was
detected by ﬂow cytometry as described above.
Detection of rLep-OMP047-induced caspase-3/-8/-9
activation

J774A.1 and THP-1 macrophages (106) were incubated
with 5 μg rLep-OMP047 for 1, 2, 4, or 8 h. The activation
of caspase-3/-8/-9 was detected using a caspase assay kit
(BioVision, Milpitas, CA, USA) and ﬂuorospectrophotometer (Molecular Devices, San Jose, CA, USA)23.
The ﬂuorescence intensity (FI) (400/505 nm excitation/
emission wavelengths) values reﬂecting the activity of
different caspases hydrolyzing speciﬁc ﬂuorescencelabeling substrates were measured for analysis. The
details of caspase-3/-8/-9 activation detection are given
in Supplementary Material.
Caspase inhibition test

J774A.1 and THP-1 macrophages (106) were treated
with 100 μM Z-DEVD-fmk Z-IETD-fmk or Z-LEHD-fmk
(BioVision), the caspase-3, -8, or -9 inhibitor, at 37 °C for
1 h23, and then incubated with 5 μg rLep-OMP047 for 1,
2, 4 or 8 h. The rLep-OMP047-induced apoptosis of
caspase-3/-8/-9-inhibited J774A.1 and THP-1 macrophages was detected by ﬂow cytometry as above.
Detection of LB047 gene expression during infection

J774A.1 and THP-1 macrophages (106) were infected
with L. interrogans strain Lai at a MOI100 for 0.5, 1, 2, 4, or
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8 h. The mRNA and product of the LB047 gene from the
extracellular leptospires were detected by reverse
transcription–real-time ﬂuorescence quantitative PCR
(qRT-PCR) and western blot40. The details of qRT-PCR
and western blot are given in Supplementary Material.
Detection of Lep-LPS- or rLep-OMP047-induced Fas and
FasL expression

J774A.1 and THP-1 macrophages (106) were treated
with 1 μg Lep-LPS or 5 μg rLep-OMP047 for 1, 2, 4, or
8 h. The mRNA and protein levels of Fas and FasL were
detected by qRT-PCR and western blot, respectively. The
immunoblotting signals were quantiﬁed by densitometry
(gray scale determination) using an image analyzer (BioRad)24. The details of qRT-PCR and western blot assay are
given in Supplementary Material.
Detection of Lep-LPS-induced Fas and FasL cytomembrane
translocation

J774A.1 and THP-1 macrophages (106) were treated
with 1 μg Lep-LPS for 1, 2, 4, or 8 h and then ﬁxed with
4% paraformaldehyde-PBS at 4 °C overnight. After washing with PBS, the macrophages were stained with PEconjugated rat anti-mouse-Fas IgG, rat anti-mouse-FasL
IgG, mouse anti-human-Fas IgG, or mouse anti-humanFasL IgG (BD Bioscience, San Jose, CA, USA) at room
temperature for 15 min in the dark. The PE-stained
cytomembrane Fas or FasL was detected by ﬂow cytometry as above, and the mean FI values reﬂecting cytomembrane Fas and FasL levels were quantiﬁed for
analysis. In the detection, E. coli O111:B4 LPS (Lonza) was
used as the control.
Detection of Lep-LPS-induced MAPK activation

J774A.1 and THP-1 macrophages (106) were treated
with 1 μg Lep-LPS for 1, 2, 4, or 8 h. The macrophages
were lysed with 0.05% NaTDC-PBS and then centrifuged
at 12,000 × g for 5 min (4 °C). The supernatants were
collected to detect the phosphorylation levels of JNK, p38
MAPK and ERK by western blot using a MAPK-family
phosphorylation detection kit (Cell Signaling, Beverly,
MA, USA). The immunoblotting signals were quantiﬁed
by densitometry for analysis as above.
Detection of Lep-LPS-induced c-Jun and ATF2 nuclear
translocation

J774A.1 and THP-1 macrophages (106) were treated
with 1 μg Lep-LPS for 1, 2, 4, or 8 h. The nuclear translocation of c-Jun, ATF2 and CHOP, the transcription
factors of the p38 MAPK and/or JNK signaling pathways,
was detected by confocal microscopy as above. The details
of confocal-microscopic examination are given in Supplementary Material.
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p38 MAPK and/or JNK inhibition test
6

J774A.1 and THP-1 macrophages (10 ) were treated
with 20 μM p38 MAPK inhibitor SB203580 and/or
JNK inhibitor SP600125 (Tocris Bioscience, Minneapolis,
MN, USA) at 37 °C for 1 h51, then treated with 1 μg
Lep-LPS for 1, 2, 4, or 8 h. The Lep-LPS-induced
Fas or FasL expression and cytomembrane translocation
of p38 MAPK- and/or JNK-inhibited macrophages were
detected by western blot and ﬂow cytometry as above.
Determination of Lep-LPS/TLR2-mediated JNK and p38
MAPK activation

The generation and identiﬁcation of TLR2- or TLR4depleted J774A.1 and THP-1 macrophages are described
in Supplementary Material. The TLR2/4-deﬁcient macrophages (106) were treated with 1 μg Lep-LPS for 1, 2, 4,
or 8 h, and then, the Lep-LPS-induced JNK and p38
MAPK phosphorylation were detected by western blot as
above.
Statistical analysis

Data from a minimum of three experiments were
averaged and are presented as the mean ± standard
deviation (SD). One-way analysis of variance (ANOVA)
followed by Dunnett’s multiple comparisons test was used
to determine signiﬁcant differences. Statistical signiﬁcance was deﬁned as p < 0.05.
Acknowledgements
This work was supported by grants (81471907, 81671974, and 81401679) from
the National Natural Science Foundation of China and a grant (J20111845/
2013-032) from the National Key Laboratory for Diagnosis and Treatment of
Infectious Diseases of China.

Author details
1
Division of Basic Medical Microbiology, State Key Laboratory for Diagnosis and
Treatment of Infectious Diseases, the First Afﬁliated Hospital, Zhejiang
University School of Medicine, Hangzhou, Zhejiang 310003, People’s Republic
of China. 2Department of Medical Microbiology and Parasitology, Zhejiang
University School of Medicine, Hangzhou, Zhejiang 310058, People’s Republic
of China. 3Faculty of Basic Medicine, Hangzhou Medical College, Hangzhou,
Zhejiang 310053, People’s Republic of China. 4Institute of Communicable
Disease Prevention and Control, Guizhou Provincial Centre for Disease Control
and Prevention, Guiyang, Guizhou 550004, People’s Republic of China.
5
Department of Biomedical Sciences, University of the Paciﬁc, Arthur Dugoni
School of Dentistry, 155 Fifth Street, San Francisco, CA 94103, USA.
6
Collaborative Innovation Center for Diagnosis and Treatment of Infectious
Diseases, Zhejiang University, Hangzhou, Zhejiang 310003, People’s Republic of
China

Author contributions
J.Y., A.H.S., and X.A.L. conceived and designed this study. P.D., S.J.L., K.X.L., and
W.L.H. performed the experiments. P.D., S.J.L., and J.Y. analyzed the data. P.D., J.
Y., and D.M.O. wrote the article. J.Y. and S.J.L. obtained the funding. All authors
reviewed the manuscript.

Conﬂict of interest
The authors declare that they have no conﬂict of interest.

Page 16 of 17

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41426-018-0135-9).
Received: 2 May 2018 Revised: 18 June 2018 Accepted: 23 June 2018

References
1. Bharti, A. R. et al. Leptospirosis: a zoonotic disease of global importance. Lancet
Infect. Dis. 3, 757–771 (2003).
2. Haake, D. A. & Levett, P. N. Leptospirosis in humans. Curr. Top. Microbiol.
Immunol. 387, 65–97 (2015).
3. Zhang, C. L., Wang, H. & Yan, J. Leptospirosis prevalence in Chinese
populations in the last two decades. Microbes Infect. 14, 317–323
(2012).
4. Smith, J. K., Young, M. M., Wilson, K. L. & Craig, S. B. Leptospirosis following a
major ﬂood in Central Queensland, Australia. Epidemiol. Infect. 141, 585–590
(2013).
5. Miraglia, F. et al. Molecular characterization, serotyping, and antibiotic susceptibility proﬁle of Leptospira interrogans serovar Copenhageni isolates from
Brazil. Diagn. Microbiol. Infect. Dis. 77, 195–199 (2013).
6. Forbes, A. E., Zochowski, W. J., Dubrey, S. W. & Sivaprakasam, V. Leptospirosis
and Weil’s disease in the UK. Q. J. Med. 105, 1151–1162 (2012).
7. Goris, M. G., Boer, K. R., Duarte, T. A., Kliffen, S. J. & Hartskeerl, R. A. Human
leptospirosis trends, the Netherlands, 1925-2008. Emerg. Infect. Dis. 19,
371–378 (2013).
8. Traxler, R. M., Callinan, L. S., Holman, R. C., Steiner, C. & Guerra, M. A.
Leptospirosis-associated hospitalizations, United States, 1998-2009. Emerg.
Infect. Dis. 20, 1273–1279 (2014).
9. de Vries, S. G. et al. Leptospirosis in Sub-Saharan Africa: a systematic review. Int.
J. Infect. Dis. 28, 47–64 (2014).
10. Hartskeerl, R. A., Collares-Pereira, M. & Ellis, W. A. Emergence, control and reemerging leptospirosis: dynamics of infection in the changing world. Clin.
Microbiol. Infect. 17, 494–501 (2011).
11. Adler, B. & Moctezuma, A. Leptospira and leptospirosis. Vet. Microbiol. 140,
287–296 (2010).
12. Kassegne, K. et al. Identiﬁcation of collagenase as a critical virulence factor for
invasiveness and transmission of pathogenic Leptospira species. J. Infect. Dis.
209, 1105–1115 (2014).
13. McBride, A. J., Athanazio, D. A., Reis, M. G. & Ko, A. I. Leptospirosis. Curr. Opin.
Infect. Dis. 18, 376–386 (2005).
14. Palaniappan, R. U., Ramanujam, S. & Chang, Y. F. Leptospirosis: pathogenesis,
immunity, and diagnosis. Curr. Opin. Infect. Dis. 20, 284–292 (2007).
15. Hu, W. L., Lin, X. A. & Yan, J. Leptospira and leptospirosis in China. Curr. Opin.
Infect. Dis. 27, 432–436 (2014).
16. Finlay, B. B. & McFadden, G. Anti-immunology: evasion of the host
immune system by bacterial and viral pathogens. Cell 124, 767–782
(2006).
17. Gordon, S. Phagocytosis: an immunobiologic process. Immunity 44, 463–475
(2016).
18. Navarre, W. W. & Zychlinsky, A. Pathogen-induced apoptosis of macrophages:
a common end for different pathogenic strategies. Cell. Microbiol. 2, 265–273
(2000).
19. DeLeo, F. R. Modulation of phagocyte apoptosis by bacterial pathogens.
Apoptosis 9, 399–413 (2004).
20. Creagh, E. M. Caspase crosstalk: integration of apoptotic and innate immune
signalling pathways. Trends Immunol. 35, 631–640 (2014).
21. Hacker, H., Furmann, C., Wagner, H. & Hacker, G. Caspase-9/-3 activation and
apoptosis are induced in mouse macrophages upon ingestion and digestion
of Escherichia coli bacteria. J. Immunol. 169, 3172–3179 (2002).
22. Behar, S. M. et al. Apoptosis is an innate defense function of
macrophages against Mycobacterium tuberculosis. Mucosal Immunol. 4,
279–287 (2011).
23. Jin, D. D. et al. Leptospira interrogans induces apoptosis in macrophages via
caspase-8- and caspase-3-dependent pathways. Infect. Immun. 77, 799–809
(2009).

Du et al. Emerging Microbes & Infections (2018)7:135

24. Hu, W. L. et al. p53 signalling controls cell cycle arrest and caspaseindependent apoptosis in macrophages infected with pathogenic Leptospira
species. Cell. Microbiol. 15, 1642–1659 (2013).
25. Beveridge, T. J. Structures of gram-negative cell walls and their derived
membrane vesicles. J. Bacteriol. 181, 4725–4733 (1999).
26. Haake, D. A. & Zuckert, W. R. The leptospiral outer membrane. Curr. Top.
Microbiol. Immunol. 387, 187–221 (2015).
27. Fukui, M., Imamura, R., Umemura, M., Kawabe, T. & Suda, T. Pathogenassociated molecular patterns sensitize macrophages to Fas ligand-induced
apoptosis and IL-1 beta release. J. Immunol. 171, 1868–1874 (2003).
28. Comalada, M. et al. PKC epsilon is involved in JNK activation that mediates
LPS-induced TNF-alpha, which induces apoptosis in macrophages. Am. J.
Physiol. Cell Physiol. 285, C1235–C1245 (2003).
29. Zhou, Z. et al. Role of the Fas pathway in Pseudomonas aeruginosa keratitis.
Invest. Ophthalmol. Visl. Sci. 51, 2537–2547 (2010).
30. Arean, V. M. The pathologic anatomy and pathogenesis of fatal human leptospirosis (Weil’s disease). Am. J. Pathol. 40, 393–423 (1962).
31. Chen, X. et al. Mononuclear-macrophages but not neutrophils act as major
inﬁltrating anti-leptospiral phagocytes during leptospirosis. PLoS ONE 12,
e0181014–e0181038 (2017).
32. Holness, C. L. & Simmons, D. L. Molecular cloning of CD68, a human macrophage marker related to lysosomal glycoproteins. Blood 81, 1607–1613
(1993).
33. Droppelmann, C. A., Gutiérrez, J., Vial, C. & Brandan, E. Matrix
metalloproteinase-2-deﬁcient ﬁbroblasts exhibit an alteration in the ﬁbrotic
response to connective tissue growth factor/CCN2 because of an increase
in the levels of endogenous ﬁbronectin. J. Biol. Chem. 284, 13551–13561
(2009).
34. Werts, C. et al. Leptospiral lipopolysaccharide activates cells through a TLR2dependent mechanism. Nat. Immunol. 2, 346–352 (2001).
35. Patra, K. P. et al. Comparative analysis of lipopolysaccharides of pathogenic
and intermediately pathogenic Leptospira species. BMC Microbiol. 15, 244–254
(2015).
36. Belda, E. et al. An updated metabolic view of the Bacillus subtilis 168 genome.
Microbiology 159, 757–770 (2013).
37. Chu, R., Reczek, D. & Brondyk, W. Capture-stabilize approach for membrane
protein SPR assays. Sci. Rep. 4, 7360–7368 (2014).
38. Kantonen, S. A., Henriksen, N. M. & Gilson, M. K. Evaluation and minimization of
uncertainty in ITC binding measurements: heat error, concentration error,
saturation, and stoichiometry. Biochem. Biophy. Acta 1861, 485–498 (2017).
39. Rivera, A., Siracusa, M. C., Yap, G. S. & Gause, W. C. Innate cell communication
kick-starts pathogen-speciﬁc immunity. Nat. Immunol. 17, 356–363 (2016).
40. Zhang, L. et al. The mammalian cell entry (Mce) protein of pathogenic Leptospira species is responsible for RGD motif-dependent infection of cells and
animals. Mol. Microbiol. 83, 1006–1023 (2012).

Page 17 of 17

41. Zhao, J. F. et al. Identiﬁcation of Leptospira interrogans phospholipase
C as a novel virulent factor responsible for elevation of intracellular free
calcium ion on inducing macrophage apoptosis. PLoS ONE 8, e75652–e75666
(2013).
42. Ciaramella, A. et al. Induction of apoptosis and release of Interleukin-1β by cell
wall-associated 19-kDa lipoprotein during the course of mycobacterial infection. J. Infect. Dis. 190, 1167–1176 (2004).
43. Haake, D. A. et al. Changes in the surface of Leptospira interrogans serovar
grippotyphosa during in vitro cultivation. Infect. Immun. 59, 1131–1140 (1991).
44. Yang, C. W. et al. The Leptospira outer membrane protein LipL32 induces
tubulointerstitial nephritis-mediated gene expression in mouse proximal
tubule cells. J. Am. Soc. Nephrol. 13, 2037–2045 (2002).
45. Koide, N. et al. Lipopolysaccharide and interferon-gamma enhance Fasmediated cell death in mouse vascular endothelial cells via augmentation of
Fas expression. Clin. Exp. Immunol. 150, 553–560 (2007).
46. Zhang, J. et al. Regulation of fas ligand expression during activation-induced
cell death in T cells by p38 mitogen-activated protein kinase and c-Jun NH2terminal kinase. J. Exp. Med. 191, 1017–1030 (2000).
47. Nahori, M. A. et al. Differential TLR recognition of leptospiral lipid A and
lipopolysaccharide in murine and human cells. J. Immunol. 175, 6022–6031
(2005).
48. Viriyakosol, S., Matthias, M. A., Swancutt, M. A., Kirkland, T. N. & Vinetz, J. M. Tolllike receptor 4 protects against lethal Leptospira interrogans serovar Icterohaemorrhagiae infection and contributes to in vivo control of leptospiral
burden. Infect. Immun. 74, 887–895 (2006).
49. Muschen, M., Warskulat, U., Douillard, P., Gilbert, E. & Haussinger, D. Regulation
of CD95 (APO-1/Fas) receptor and ligand expression by lipopolysaccharide
and dexamethasone in parenchymal and nonparenchymal rat liver cells.
Hepatology 27, 200–208 (1998).
50. Munshi, N., Fernandis, A. Z., Cherla, R. P., Park, I. W. & Ganju, R. K.
Lipopolysaccharide-induced apoptosis of endothelial cells and its inhibition by
vascular endothelial growth factor. J. Immunol. 168, 5860–5866 (2002).
51. Wang, H. et al. Leptospiral hemolysins induce proinﬂammatory cytokines
through Toll-like receptor 2-and 4-mediated JNK and NF-kappaB signaling
pathways. PLoS ONE 7, e42266–e42280 (2012).
52. Dong, H. Y. et al. Characterization of the ompL1 gene of pathogenic Leptospira
species in China and cross-immunogenicity of the OmpL1 protein. BMC
Microbiol. 8, 223–235 (2008).
53. Liao, S. M. et al. Inactivation of the ﬂiY gene encoding a ﬂagellar motor switch
protein attenuates mobility and virulence of Leptospira interrogans strain Lai.
BMC Microbiol. 9, 253–263 (2009).
54. Wang, X. et al. A mechanism of cell survival: sequestration of Fas by the HGF
receptor Met. Mol. Cell 9, 411–421 (2002).
55. Marchler-Bauer, A. et al. CDD: a Conserved Domain Database for the functional annotation of proteins. Nucleic Acids Res. 39, D225–D229 (2011).

